Introduction
[2] The ultraslow-spreading Gakkel Ridge, which stretches for ∼1800 km across the eastern Arctic Basin [e.g., Sella et al., 2002] , has represented something of an enigma for hydrothermal research since the Arctic Mid-Ocean Ridge Expedition (AMORE) found evidence for water column anomalies in over 80% of 145 Miniature-Autonomous-Plume-Recorder (MAPR) casts along ∼850 km of the ridge in 2001 [Edmonds et al., 2003] . This high frequency of plume observations is starkly at odds with well-established trends for the global mid-ocean ridge (MOR) system based on spreading rate , which are believed to reflect the first-order relationship between heat flux and the divergence rate across spreading plate boundaries [Baker et al., 1996] .
[3] There are at least two possible reasons why hydrothermal plume fluids were so commonly observed along the Gakkel Ridge during the AMORE field program in 2001. The geological nature of crustal accretion and extension at ultraslow-spreading MORs (located predominantly in the Indian and Arctic Oceans) is significantly different than faster spreading MORs in the rest of the ocean basins [e.g., Dick et al., 2003] , and these mechanical and compositional differences may increase the total amount of heat available to drive hydrothermal convection per unit distance along the spreading axis [e.g., German and Lin, 2004] . For example, increased penetration depth of faults hosting fluid flow [e.g., deMartin et al., 2007] may thicken the layer in which hydrothermal heat is extracted. Alternatively, the Gakkel Ridge represents a deep, topographic channel that may trap hydrothermal plumes and limit their interaction with the rest of the Arctic Ocean, thereby allowing them to be detected at great distance along the ridge axis from their source regions [e.g., Edmonds et al., 2003; Michael et al., 2003] .
[4] Baker et al. [2004] conducted a detailed analysis of MAPR cross sections from AMORE and concluded that the large number of plume anomalies observed along the Gakkel Ridge were generated by as few as eight vent fields, supporting the hypothesis that plume fluids were detected at long distances from their seafloor source regions. Baker et al. [2004] further hypothesized that hydrothermal fluids from a very large source located on the 85°E segment in the Eastern Volcanic Zone were detected at distances of up to 175 km along the ridge axis. The 85°E site is of particular interest because it generated a large earthquake swarm in 1999, which has been associated with volcanic activity [e.g., Edwards et al., 2001; Mueller and Jokat, 2000; Sohn et al., 2008; Tolstoy et al., 2001] , and there is seismic evidence that this eruption was ongoing during the AMORE surveys in 2001 [Schlindwein et al., 2007] . Unfortunately, the water column plume data acquired from the 85°E site during AMORE is limited to MAPR profiles from seven rock dredges/cores, and a single CTD hydrocast, all of which were conducted within a relatively small region near the center of the axial valley [Edmonds et al., 2003] . These data provide intriguing evidence for a potentially large hydrothermal field, but they are too limited to constrain the nature of hydrothermal venting at the 85°E site, and its relationship to recent volcanic activity.
[5] In this paper we present results from a more comprehensive CTD plume-mapping campaign on the 85°E segment of the Gakkel Ridge conducted during the Arctic Gakkel Vents (AGAVE) expedition in 2007, and we use these data in concert with numerical simulations of hydrothermal plumes rising in a weakly stratified Arctic Ocean to place new constraints on the number and heat flux of discrete seafloor vent fields. Our results provide evidence for up to eight distinct seafloor discharge sites, one of which appears to be a large, high-temperature (T > 100°C) field located on the fault terrace forming the northern axial valley wall, and the rest of which appear to be much smaller, perhaps low-temperature (T < 10°C) fields associated with constructional volcanic features on the axial valley floor.
Site Description

Oceanography of the 85°E Site
[6] The Gakkel Ridge divides the Eurasian Basin into two subbasins; the Nansen and the Amundsen Basins with maximum depths of ∼4000 m and ∼4500 m, respectively. Basin waters below ∼2500 m are isolated from surrounding oceans. The estimated isolation age, based on C 14 measurements is ∼250 years for the Nansen Basin and somewhat less for the Amundsen Basin [Schlosser et al., 1997] . Hydrographic data show that the deep water of the basins are remarkably homogeneous but somewhat different, the Amundsen Basin being both colder and more saline [Jones et al., 1995] than the Nansen Basin. Björk and Winsor [2006] noted that the homogeneous bottom layers observed in the Nansen and Amundsen basins were absent from CTD profiles acquired over the Gakkel ridge.
[7] There are very few measurements to constrain bottom current velocities on the Gakkel Ridge. Hydrographic and tracer data have been interpreted to indicate that the circulation in the Arctic Ocean, both in the upper and lower layers, follows topography with a rather weak westward drift along the Gakkel ridge [Jones et al. 1995] . This is consistent with bottom current estimates derived from an AUV survey during the AGAVE expedition, which averaged to 1 cm/s westward along the axial valley over one diurnal tidal cycle. Models of the geostrophic bottom velocities [Nøst and Isachsen, 2003] indicate a more complex circulation with a cyclonic gyre in both basins, implying a weak easterly flow on the Amundsen Basin side and a weak westward flux on the Nansen Basin side of the Gakkel Ridge. The topography of the Gakkel Ridge is rough on scales not properly resolved in such models, however. The horizontal velocities due to the barotropic tide are weak at the eastern part of the ridge being, for the time of the cruise, in the range 0 -1.25 cm/s for the 85°E site [Padman and Erofeeva, 2004] .
Geology of the 85°E Site
[8] The axial valley of the Gakkel Ridge at 85°E consists of a ∼15 km wide by ∼1 km deep axial valley containing several ridge-parallel constructional volcanic lineations. All but one of our CTD surveys was conducted within a 7 × 11 km region centered over the volcanic features at ∼85°37′N, ∼85°15′E (Figure 1 ), which corresponds to the location of the strongest plume anomalies observed in 2001. A single survey was conducted outside this zone traversing the northern wall of the axial valley at an oblique angle ( Figure 1 ).
[9] A set of 7 MAPR casts and 1 CTD cast were previously acquired from this site during the AMORE expedition in 2001, producing the largest hydrothermal plume anomalies detected over ∼850 km of the Gakkel Ridge during that field program [Edmonds et al., 2003] . There are at least two distinct plume horizons in the 2001 data, implying the existence of multiple seafloor discharge sites. The largest plume anomaly (maximum dQ of 0.07°C) was up to 1400 m thick and was centered at a depth of ∼2500 m. A smaller plume anomaly, ∼200 m thick, was observed at a depth of ∼3300 m. The large plume anomaly resides more than 1 km above the local seafloor, suggesting a rise height more than twice as high as any other known hydrothermal plume on the global mid-ocean ridge system [e.g., Speer and Rona, 1989] . The size and apparent rise height of the plume have been taken as evidence of a massive source field (∼3.6 GW) that generated detectable anomalies as far as 175 km to the west along the rise axis [Baker et al., 2004] .
[10] Seismic data from the Global Seismic Network (GSN) [Mueller and Jokat, 2000; Tolstoy et al., 2001] and acoustic backscatter data acquired during the SCICEX expedition have been interpreted to indicate that the 85°E site experienced a large volcanic eruption in 1999, but seafloor camera surveys during the AGAVE expedition in 2007 revealed only a few small lava flows fresh enough to have erupted within the past decade [Willis et al., 2007] . However, the seafloor throughout the entire axial valley is blanketed with volcaniclastic material that appears to have been generated by explosive submarine eruptions , and explosive reports originating from the seafloor at this site were detected by a local network of ice-mounted seismometers in 2001 [Schlindwein et al., 2007] . The chemistry of plume fluids acquired during the AGAVE expedition indicate that the large, upper level plume is not an "event" plume from a volcanic eruption in 1999 [Upchurch et al., 2007] , but the water column signature of deep sea explosive volcanic eruptions is not known. Although it seems likely that recent volcanic activity has stimulated hydrothermal discharge in this region, the relationship between volcanic activity, hydrothermal activity, and the water column plume anomalies observed at the 85°E site is not clear.
Instruments and Methods
[11] In this paper we consider two types of plume data; thermal anomalies based on the deviation of potential temperature from the background profile (dQ), and chemical anomalies based on the fluid redox potential (Eh). We selected a CTD profile without any detectable plume anomalies and filtered it with a fifth-order, low-pass Butterworth filter (cutoff frequency of 1/50 s −1 ) to generate a nominal "background" field. Thermal anomalies were then defined as the deviation in potential temperature, Q, with reference pressure at 3000 dbar, from the background profile ( Figure 2 ). The strength of an Eh anomaly is related to the time rate of change, rather than absolute magnitude, of the Eh measurement. Therefore we define the Eh anomaly as the maximum (negative) value of the time derivative (Eh′) in a given depth interval. We use the thermal and chemical anomalies together to constrain the distribution of hydrothermal sources on the seafloor.
[12] The CTD data were acquired with a Sea-Bird SBE 9+ pumped system with dual conductivity (SBE 4Cs) and dual temperature (SBE 3+) sensors. Accuracy of the temperature and conductivity sensors was nominally 0.001°C and 0.003 S/m, respectively. The CTD rosette package was outfitted with 22 10 L Niskin bottles, which were used to acquire samples for chemical analyses [Upchurch et al., 2007] . The CTD rosette was raised and lowered through the water column (typically between 2500 m depth to just above the local seafloor) while the icebreaker drifted passively with the ice. We only analyze data from CTD "downcasts" (i.e., when the CTD is being lowered through the water column) because measurements acquired during "upcasts" are influenced by the wake of the CTD rosette frame and sensor package.
Because the ship cannot maneuver during the CTD surveys, but rather must passively drift with the ice, it is not possible to acquire linear, well-aligned water column transects. Therefore, considerable effort was made to monitor and forecast the ice drift so as to acquire data within regions of specific interest. Drift speeds varied between 0 and 0.2 m/s with typical values of ∼0.1 m/s, and the drift direction varied typically within a few hours in response to changes in wind speed/direction and inertial oscillations. These effects complicated the ice drift predictions considerably. Overall, the CTD data were acquired at very slow speeds and in directions that were not optimal for the hydrothermal plume surveys we were attempting to conduct, which fundamentally limited the efficiency and efficacy of our surveys.
[13] Eh was measured as the voltage difference between a Pt electrode and a reference electrode through the SBE 9+ auxiliary channel. The Pt electrode was a 0.7 mm diameter pure Pt wire without any polishing mechanism. The Pt electrode was refreshed several times during the CTD surveys by immersion in a diluted HCl solution. The reference (Table 4) shown as white numbered circles. electrode was a Ag-AgCl electrode sealed in a saturated KCl solution with a porous ceramic plug as an electric junction. A transformer was inserted between the electrodes and the CTD to separate the electric ground and transmit the voltage in an acceptable range for the SBE 9+ auxiliary channel. The Eh value used in this paper analysis was the raw Pt electrode voltage value against Ag-AgCl reference electrode in saturated KCl solution, and not the Eh values against a hydrogen standard electrode as is standard in electrochemistry.
[14] We estimated the latitude and longitude of the CTD on the basis of the ship's GPS data (corrected for offset between GPS antennae and CTD deployment site on the bow), and note the corresponding measurement depth. We then estimate the seafloor depth immediately below the measurement on the basis of bathymetric data acquired during the AGAVE expedition, gridded at 30 m X-Y intervals. We assumed that the wire angle was vertical for the CTD position estimate because the ice drift velocities were very slow (∼0.2 kt).
Plume Observations
[15] Hydrothermal plumes rise vertically and then spread laterally once enough ambient seawater has been entrained to obtain neutral density of the mixture with respect to the stratified water column [Turner, 1986] . To first order, the rise height of a plume is controlled by the thermal power (i.e., heat flux) of the source vent [Turner, 1973] , such that the presence of multiple plume anomaly depth horizons implies the existence of multiple seafloor sources. In addition, the horizontal distribution of thermal and chemical anomalies detected within a similar depth horizon can also be used to detect multiple sources. We can therefore use the vertical and horizontal distribution of the plume anomalies to constrain the number and heat flux of seafloor source vents.
[16] Hydrothermal plume anomalies were detected within two distinct depth bands during the AGAVE expedition; a shallow horizon corresponding to depths of 2400-2800 m with thermal anomalies of 0.008 -0.021°C (Interval 1), and a deeper horizon corresponding to depths of 3000-3800 m (Interval 2) with thermal anomalies of 0 -0.015°C (only potential temperature anomalies larger than 0.003 are considered). These same plume horizons were observed during the AMORE expedition, but the magnitude of the thermal anomalies in Interval 1 were considerably larger in 2001 (max values of up to 0.07°C) [Edmonds et al., 2003] , which has important implications for plume source mechanisms (see Discussion).
Interval 1 (2400-2800 m)
[17] Thermal anomalies in this "upper" depth interval were detected intermittently during various CTD casts over constructional volcanic features within the axial valley, but were strongest with dQ > 0.02°C on a section that obliquely traversed the northern wall of the axial valley ( Figure 3 ). The anomalies detected within the axial valley were generally smaller (dQ < 0.01°C)although a single anomaly of 0.015°C was found just south of Duque's Hill. None of the thermal anomalies in this depth interval were associated with corresponding Eh anomalies.
[18] Based on our data we find evidence for one or two discrete seafloor sources contributing to the anomalies observed in this depth interval. There may be just a single source located near the northern axial valley wall, but there could also conceivably be a second source within the axial valley. We prefer to interpret the anomalies as having been generated by a single source on the axial valley wall because the rise height to Interval 1 for a vent field on the axial valley floor is > 1000 m, which would require an extremely large and powerful source, and it seems highly unlikely that such a source would generate the kind of patchy, intermittent, anomalies that we observed in this interval over the axial valley. Instead, these intermittent anomalies are more likely explained by spatial aliasing associated with topographically controlled advection and possibly also eddy formation [Thorpe, 2005] . The data are therefore most consistent with a single source from a site elevated above the axial valley floor on the fault terrace that generates the NE valley wall (Figure 4 ). The lack of Eh anomalies in Interval 1 indicates that the fluid were not "fresh," but rather had been in the water column long enough to lose their initial redox potential. The timescale for redox equilibration of plume fluids is not well constrained, particularly in the Arctic Ocean, but Eh anomalies due to Fe(II) are expected to equilibrate within a day, regardless of ocean basin. This uncertainty, combined with the slow bottom current speeds in this area (∼1 cm/s), make it difficult to interpret the lack of Eh anomalies in Interval 1, but it is probably safe to say that none of our surveys passed directly above the source generating the plume signals we observed in this depth interval.
[19] We use the depth and magnitude of the largest thermal anomaly for the inferred source area (marked with a magenta cross in Figure 3 ) to estimate thermal fluxes of individual seafloor discharge sites in section 6.
Interval 2 (3000-3800 m)
[20] Hydrothermal anomalies in this "lower" depth interval are ubiquitous within the survey region (Figures 5a and 5b) , and are often associated with corresponding Eh anomalies (Figures 5c and 5d ). Because the Eh signal equilibrates more rapidly than the temperature signal, it is particularly useful for grouping anomalies into clusters associated with discrete seafloor discharge sites. Most of the Eh anomalies observed in this depth interval have corresponding thermal anomalies, but some do not, which implies that in some places the hydrothermal fluids have compositional, but not thermal, signals. This situation might occur, for example, by interaction of pore fluids with microbes, and we note that microbial mats covered large portions of the axial valley seafloor in our study area [Helmke et al., 2007] . However, we restrict our analyses to those observations that contain thermal anomalies because they constitute the majority of our plume data, and because compositional anomalies are beyond the scope of our modeling effort.
[21] We constructed horizontal transects from our CTD data to help interpret the observations from the spatially disparate casts . Based on inspection of these transects and the map view data of Figure 5 we group the plume anomalies into seven spatially distinct sets. This grouping is subject to interpretation, and it is possible to envision as few as three discrete groups depending on the impact of temporal aliasing and out-of-plane effects in our transects, which were acquired over a 14 day period. There is clearly a "cloud" of hydrothermal plume fluids that overlies much of our survey region in this depth interval, but the Eh data, in particular, indicate that this cloud is generated by several different source regions. We discuss the anomaly patterns along three transects in Interval 2 and their implications for seafloor source regions below.
Oden Volcano to Duque's Hill Transect
[22] We find evidence for two or three discrete seafloor discharge sites on the transect shown in Figure 6 running from the SW side of Oden volcano to Duque's Hill in the center of the axial valley. There appears to be a discharge site somewhere SW of Oden volcano (source 7 in Figure 1 of anomalies is spatially distinct from those observed over Oden volcano and also NE toward Duque's Hill, and is therefore interpreted as originating from a distinct seafloor source. The other two sets of anomalies, which are delineated with red ellipses in Figures 6b and 6c , might originate from a single source, but the Eh data suggest two discrete sources (sources 6 and 4 in Figure 1 ). Camera tows over Oden volcano revealed abundant microbial mats within the central crater and also covering portions of the volcano's flanks [Pontbriand et al., 2008] , which implies that there is a subsurface source of hydrothermal fluids providing metabolic energy for cell growth in these microbes [Helmke et al., 2007] , supporting the interpretation of a discharge site somewhere within, or near, this volcanic edifice. The interpretation of an additional site on Duque's Hill (source 4 in Figure 1 ) is more equivocal, as the observed anomalies could also potentially be the result of time space aliasing from a more distant site (e.g., source 6).
Oden Volcano to Loke Volcano Transect
[23] We find evidence for one or two discrete seafloor discharge sites on the transect shown in Figure 7 running from Oden volcano to Loke volcano. The Eh anomalies near Loke volcano in Figure 7c that are marked with a red ellipse constitute a weak signal, but they reside at a slightly deeper depth interval than the Eh anomalies in near Oden volcano (sources 4, 6, and 7), and they are separated in the horizontal plane by ∼3 km. We therefore interpret these anomalies as having been generated by a separate seafloor discharge site (Figure 1, source 8) , and we note that Loke volcano contained some of the freshest (looking) lavas observed anywhere on the seafloor at 85°E during the AGAVE expedition, including ropey sheet flows [Willis et al., 2007] , and iron-oxidizing microbial mats [Helmke et al., 2007] . (Figures 5a and 5b) and Eh anomalies (Figures 5c and 5d ). White circles indicate CTD profiles where no anomalies were detected. Magenta crosses indicate position of the maximum thermal anomaly observed for each discrete spatial set of combined thermal/Eh anomalies. The gray contours indicate bottom depth in km.
We also note that black smoke was observed in the water column at an altitude of ∼50 m above the seafloor in the immediate vicinity of this inferred source (but no vent fields were observed when the camera system landed on the seafloor several minutes later). The anomalies indicated by the black ellipse in Figure 7 constitute a relatively strong Eh signal, but without a corresponding temperature anomaly. As described earlier, although these anomalies may be indicative of a seafloor venting site, we do not attempt to constrain the nature of the source because our modeling is restricted to thermally buoyant plumes.
Jessica's Hill to Duque's Hill Transect
[24] We find evidence for one or two discrete seafloor discharge sites in a transect running between the two major constructional volcanic lineations in the center of the axial valley (Figure 8 ). There are three discrete Eh anomalies in this transect, but one of them (not circled in Figure 8c ) is a projection of an anomaly that has already been interpreted in the Oden volcano to Duque's Hill transect. The other two Eh anomalies (red and black ellipses in Figure 8c ) appear to represent discrete seafloor discharge sites (Figure 1, sources 3 and 5), although this interpretation could be erroneous if the Eh signals can persist within the Arctic Ocean water column longer than the ∼3 days it would take plume fluids to traverse the distance from Duque's Hill to Jessica Hill. There appears to be an essentially continuous thermal anomaly connecting all of these sites, but the Eh data seem to indicate discrete seafloor sources. Figure 6d . The location where we observed a buoyant plume (negative density gradient with depth) is marked with a black diamond.
Northern Axial Valley Wall Transect
[25] We find evidence for one seafloor discharge site contributing to plume anomalies observed in depth Interval 2 in a transect that runs obliquely to the northern axial valley wall (Figure 4) . The Eh anomaly at the end of this transect is not vertically aligned with those from the central axial valley, and it is separated by > 5 km. We therefore interpret this signal as having been generated by a discrete seafloor source (Figure 1, source 2) . No imagery of the seafloor is available from this region.
[26] In total, we find evidence for seven discrete seafloor discharge sites contributing plume fluids to depth Interval 2. But this interpretation is equivocal, and the number could be as low as three. As for Interval 1, we use the depth and magnitude of the largest thermal anomaly for each of the seven inferred source areas (marked with magenta crosses in Figures 5a and 5b) to estimate thermal fluxes of individual seafloor discharge sites in section 6. [27] We use a numerical model to constrain the heat flux of each discrete seafloor discharge site by comparison with our survey data. The model is based on the physics of Morton et al. [1956] , but considers the heat content and salinity separately. The approach is similar to that of Speer and Rona [1989] , except that rather than conserving temperature, we conserve heat. The state variables of the modeled plume are heat content Q(z), salinity S(z), vertical velocity W(z) and plume horizontal area A(z). These variables represent the horizontally averaged properties of the flow (Figure 9 ). Figure 7d .
Turbulent Plume Model
[28] The basic assumption in this model is that the entrainment into the plume is proportional to the vertical velocity. The conservation equations for mass, heat, salinity and momentum are
The subscript z is the vertical derivative, E is the entrainment coefficient (set to a constant value of 0.255, so that a e = E/2p 1/2 = 0.072 according to Speer and Rona [1989] ), and g′ is the reduced gravity given by
where g is the acceleration of gravity, " is the potential density of the background field, r is the plume potential density, and r 0 is the background potential density at the reference pressure of 3000 dbar. Temperature and heat content per unit volume are related by Figure 8a and 8b correspond to the black and red ellipses in Figure 8d .
Here C p is the specific heat of salt water. Both C p and r are calculated from the model presented by Sun et al. [2008] but for temperatures less than 23°C, the more accurate UNESCO 1983 equation of state is used for the density calculations [Fofonoff and Millard, 1983] . After rearranging equations (1)-(4), the ordinary differential equations are solved numerically in MATLAB using the ODE 45 solver [Dormand and Prince, 1980] and the potential temperature is calculated by iteration at each step.
[29] One difference between our approach and some earlier applications of this model is that we use an observed background profile instead of linear gradients of the background salinity and potential temperature. This distinction is important because the entire local water column is influenced by heat fluxes from multiple discharge sites that are mixed and advected, thereby creating nonlinear structures in the background temperature and salinity profiles.
[30] Ambient cross flows are not considered in this model. Earlier work [e.g., Slawson and Csanady, 1971; Middleton, 1986] showed that, for any given source, the rise height is reduced with increased cross flow velocity and increased stratification. For strong cross flows the buoyant part of the plume bends over, which also changes the entrainment assumption. Although we do not have data from any current meters at the 85°E segment, average speeds of 1 cm/s were measured by a freely drifting AUV hovering ∼10 m above the axial valley floor over one complete semidiurnal tidal cycle. The results from a barotropic tide model show that over the period of the cruise the horizontal velocities due to the barotropic tide did not exceed 1.25 cm/s at the 85°E segment of the Gakkel Ridge. Because of the low current speeds and the extremely weak density stratification in the deep Arctic Ocean, ambient cross flow likely exerts a negligible effect on plumes in our study area.
[31] We ran the plume model with a range of possible initial condition combinations, and using thirteen different source depths between 3000 m and 4200 m (1.1 million model runs). The initial conditions were divided into two possible scenarios; a high-temperature, black-smoke-type chimney discharge case (CH), and a low-temperature diffusive discharge case (DD), see Table 1 . We explicitly assume that black smoker discharge is accommodated by relatively small vents (chimney structures), whereas diffuse discharge may be accommodated over much larger areas [e.g., Schultz et al., 1992] . The initial salinity was assumed to be equal to the salinity of the ambient water at the assumed vent depth [e.g., Speer and Rona, 1989 ] taken from the background salinity profile. This is an important assumption because the buoyancy of plume fluids is influenced by salinity, but we do not know the end-member exit fluid salinity for any of our inferred sources. For low temperature diffusive discharge sites the sensitivity of initial salinity is rather high due to the small initial density difference between the plume water and the ambient water. A small increase of the initial salinity can completely eradicate the initial buoyancy or even reverse it, which would then produce dense bottom currents rather than buoyant plumes. For high temperature sources the sensitivity is much smaller.
[32] We modeled source heat fluxes up to 40 GW, but the maximum value required to match our observations is ∼10 GW, and so we only show results for initial fluxes less than this value. A comparison of the present numerical model to the Speer and Rona [1989] model and to an analytical expression based on scaling analysis [Briggs, 1969] , is shown in the Appendix where also the sensitivity and choice of the entrainment parameter value is discussed.
Modeling Results and Fit to Observations
[33] We varied the initial conditions (depth, cross-sectional area, exit fluid temperature, and exit fluid velocity) in our plume model to cover the plausible range of venting conditions that could have produced the anomalies we observed at the 85°E segment of the Gakkel Ridge. For each spatially distinct set of observed anomalies we identified the position and amplitude of the maximum thermal anomaly, and we took this as our best proxy for the putative center of the neutrally buoyant plume layer for each source. We can then compare the model solution space to our observations in order to place some constraints on the thermal power (heat flux) and source depth of the individual plume sources.
[34] For each inferred source, we compare the maximum observed thermal anomaly to the range of model outputs (rise height and corresponding temperature anomaly). The rise height is defined as the depth where the buoyancy becomes zero, which corresponds roughly with the "lower edge" of the neutrally buoyant plume layer. The reason for this definition of rise height is because the temperature anomaly at this level is the upper limit for the whole neutrally buoyant plume. If a set of model parameters produces a neutral plume at the observed depth horizon with a thermal anomaly that is greater than or equal to the observed maximum anomaly, then we consider these to be a plausible set of parameters for the inferred vent field source ( Figure 10) . The heat flux DH is then calculated for all plausible parameter combinations according to
The results of applying this procedure for the complete range of black smoker and diffuse flow model parameters are tabulated in Tables 2 and 3 . For each inferred source we also identify the "best fitting" parameter combination, which is defined as the set of parameters that most closely matches the observed amplitude and depth of the maximum thermal anomaly. We note that it is necessary to formally vary depth as a source parameter because of the nonlinear background potential temperature and salinity gradients in our study area, as can be seen via inspection in Figure 10 .
[35] The model outputs the depth and amplitude of the thermal anomaly close to the center of the neutrally buoyant plume, such that the accuracy of our estimates therefore depends on the proximity of our maximum thermal anomaly observation to the actual plume center. We systematically underestimate the maximum plume anomaly in proportion to the distance of our maximum thermal anomaly observation from the actual plume center. This may be the case for plume 7, where the nominal rise height (i.e., the rise height if assuming a source depth equal to the seafloor depth immediately below the observed plume) exceeds the best fit rise height by more than 300 m. According to Tables 2 and 3, if we use the nominal source depth (marked with footnotes), we would get a heat flux of about 200 MW as opposed to our best fit model values of 20 MW. Nevertheless, because the depth (i.e., rise height) and amplitude of the thermal anomalies in the neutrally buoyant plume are controlled to first order by the thermal power of the seafloor source, we can place useful (conservative) constraints on the size of the inferred plume sources by comparing the model solution space to our observations.
[36] We appear to have made one observation in a buoyant plume stem (as evidenced by a negative potential density gradient with depth). Because the lateral spreading of a plume is limited until it reaches the level of neutral buoyancy, the seafloor discharge site is located in close Figure 10 . Model solution span dQ m plotted against h m for the model runs over the chimney range (black) and over the diffusive discharge range (magenta). Also plotted are the 8 maximum thermal anomalies observed for each discrete plume source region (from Figures 3, 5a , and 5b and Table 4 ). These results show, for example, that the source depths of 3000 m and 3500 m are too shallow but 4000 m is plausible for the lower plumes 2-8. Note that the "shape" of the solution space varies as a function of source depth because of nonlinear potential temperature and salinity structure in our study area. proximity (<∼100 m) to the buoyant plume stem. The depth of the source is 3980 m and is shown in Figure 6 as a black diamond. We note that it is possible that this single source could have conceivably generated all of the anomalies observed along the Oden volcano to Duque's Hill transect ( Figure 6 ).
[37] The black smoker and diffusive discharge scenarios yield similar estimates for source heat flux and depth. Overall, the best fitting black smoker model runs yield heat flux estimates that are somewhat smaller than the best fitting diffusive discharge model runs, but the source depth estimates are essentially identical. We cannot formally distinguish between the black smoker and diffusive discharge scenarios for any of the plume signals based on our model results, but we can make inferences based on results from other hydrothermal fields and high-definition images of the local seafloor at 85°E acquired during the AGAVE expedition.
[38] The large heat flux (∼2 GW) required to fit the plume observations made in depth Interval 1 is indicative of a large, high-temperature hydrothermal field. The only other presently known deep sea fields with a heat flux of this same magnitude are the Trans-Atlantic Geotraverse (TAG) and Rainbow fields on the Mid-Atlantic Ridge, which are both large fields discharging fluids at temperatures of ∼360°C [e.g., Douville et al., 2002; Sohn, 2007; Wichers et al., 2005] . There is no bottom imagery available from the seafloor beneath plume 1, but we note that it appears to be located near the axial valley wall, where large offset normal faults intersect the seafloor. This is consistent with the geological setting of the TAG and Rainbow fields, both of which are located above large-offset normal fault zones [e.g., Douville et al., 2002; deMartin et al., 2007] .
[39] Plumes 3-8, with heat flux estimates ranging from 5 to 110 MW, all appear to be sourced from within the region of constructional volcanic features on the floor of the axial valley. No evidence of high-temperature, black smoker venting was observed in seafloor imagery acquired from this region during the AGAVE expedition, but black smoke was observed in the water column at an altitude of 90 m above the bottom less than 100 m from the maximum temperature anomaly associated with plume 8. Portions of the axial valley seafloor in this area are covered with microbial mats composed largely of iron oxidizing bacteria [Helmke et al., 2007] , particularly inside and around the small, cratered, volcanic features that are ubiquitous on the valley floor. Although there was no visual evidence of active hydrothermal discharge from these sites (i.e., no black smoke nor Heat flux given in MW for the eight inferred sources (see Figure 1 ). The over all best fit is shown in bold. b Depth matching seafloor depth immediately below observed plume anomalies (nominal source depth). Heat flux given in MW for the eight inferred sources (see Figure 1 ). The over all best fit is shown in bold. b Depth matching seafloor depth immediately below observed plume anomalies (nominal source depth).
shimmering water), some of the highest Eh anomalies were observed just above the mats, and it seems likely that the microbes are deriving metabolic energy by oxidizing lowtemperature hydrothermal fluids. This evidence suggests that some of the plume anomalies observed in depth Interval 2 over this central portion of the axial valley were generated by low-temperature, diffusive discharge.
[40] To summarize, we find evidence for up to eight discrete zones of hydrothermal discharge on the seafloor at the 85°E segment. Two of these appear to be hosted on normal faults hosting extension on the northern axial valley wall, and six of these appear to be associated with constructional volcanic features on the axial valley floor. The discharge zones on the normal fault zone have heat fluxes on the order of 2 GW and 50 MW, respectively, and the larger of these is likely a large, high-temperature vent field of the same size as the TAG and Rainbow fields on the MAR. The discharge zones on the valley floor have heat fluxes on the order of a few tens of MW up to ∼100 MW, and thus are relatively small fields. Water column observations of black smoke indicate that plume 8 might be a high-temperature field. We do not have direct evidence to constrain the nature of discharge at the rest of the valley floor sites, but we have indirect evidence that at least some of these fields are sites of diffuse discharge of low-temperature hydrothermal fluids. The total hydrothermal heat flux for the 85°E segment from our best fitting initial combinations is ∼2 GW, about 85% of which is due to plume 1. The characteristics of the eight inferred plumes are summarized in Table 4 .
Discussion
[41] Our results provide new information regarding the nature of hydrothermal activity on the Gakkel Ridge at 85°E, and some clues regarding its relationship to volcanic activity and crustal extension. There appears to be a large vent field located on the fault terrace forming the north side of the axial valley with a heat flux of ∼2 GW, which dominates hydrothermal fluxes in this region. It appears to be among the largest known vent fields in the deep sea, similar to the TAG and Rainbow fields on the MAR. Both TAG and Rainbow are located above long-lived, well-developed, extensional fault zones, and neither of these fields appear to be directly associated with volcanic activity [e.g., deMartin et al., 2007; Douville et al., 2002] . It therefore seems likely that the discharge site associated with plume 1 is a large, chronic, hydrothermal field that exploits a well-developed, deeply penetrating, fault zone to extract high-temperature heat from basal portions of the lithosphere and/or upper mantle, as opposed to a more ephemeral vent associated with recent volcanic activity.
[42] The 1999 earthquake swarm at 85°E began with large magnitude normal faulting [Mueller and Jokat, 2000] , and some of these earthquakes may well have occurred on the fault system hosting fluid flow for plumes 1 and 2 (hypocentral uncertainties are too large to associate the events with specific fault zones). It therefore seems possible, if not likely, that the hydrothermal discharge from these sites was perturbed by the 1999 earthquake swarm. Interestingly, the thermal anomalies we measured in depth Interval 1 in 2007 were significantly smaller (0.02 versus 0.07°C) than those observed in the same depth interval in [cf., Baker et al., 2004 Edmonds et al., 2003] . This implies a fairly dramatic temporal evolution (decay) of the plume 1 source over the 6 year interval between the two surveys. However, this evolution cannot be explained solely by a decrease in hydrothermal flux. Because of the weak salinity gradient in the deep Arctic Ocean an enormous volume of ambient water needs to be mixed into the plume in order to produce a neutrally buoyant plume layer with a thermal anomaly of 0.07°C. Our model is unable to reproduce such an anomaly at 2500 m depth. A thermal output of 50 GW at 4000 m depth, for example, would produce an anomaly of about 0.06°C, but with a rise height of 2000 m (as opposed to 1500 m).
[43] At this point we can only speculate about the processes that generated the large thermal anomaly observed in Interval 1 during AMORE in 2001. One possibility would be that the 1999-2001 eruption generated an event plume associated with the catastrophic discharge of briney fluids that had accumulated within the crust as a result of phase separation [e.g., Cann and Strens, 1989 ]. Event plumes may have large instantaneous thermal energies of the order several tens of GW, and if the fluids are brines, such as might have been generated by supercritical phase separation [e.g., Foustoukos and Seyfried, 2007] , then they could probably generate a neutral plume layer with a thermal anomaly of 0.07°C at a depth of ∼2500 m. Another possibility is that the plume observed in 2001 was formed at least partly as a result of the explosive discharge of magmatic jets into the water column. Volcaniclastic material attributed to this process blankets the axial valley at 85°E, and a potentially large fraction of the magma erupted during the volcanic event that began in 1999 was explosively discharged . Evidence for Strombolian style explosive discharge was also detected by an ice-mounted seismometer network at the 85°E site in 2001 [Schlindwein et al., 2007] , suggesting that explosive activity was ongoing from 1999 until at least 2001. The physics and chemistry of magmatic jets discharging into the deep ocean is not well understood, but it has been hypothesized that these events can generate "megaplumes" [e.g., Clague et al., 2009] . In either case our model results suggest that the plume observed in depth Interval 1 during AMORE in 2001 was not a chronic plume.
[44] These results also have implications for the hypothesis of Baker et al. [2004] that plume fluids from the 85°E segment were detected above the ridge axis more than 175 km away during AMORE in 2001. Plume fluids in depth Interval 1 are at a horizon above the walls of the axial valley, which means they lie above the topographic channel created by the Gakkel Ridge. Along-axis currents with an average value of 1 cm/s were measured in the axial valley at 85°E over one semidiurnal tidal cycle by a freely drifting AUV during the AGAVE expedition. It is possible that these currents extend into the water column above the axial valley, and if so, then perhaps the plume fluids could be channeled along the ridge axis. At a velocity of 1 cm/s the plume would traverse the 175 km distance to the 70°E segment in ∼200 days. Plume fluids in depth Interval 2 are at a horizon below the walls of the axial valley, and thus are more likely to be trapped and channeled along the ridge axis, but our models indicate that the source fluxes are relatively small (<100 MW), which argues against detection at great distances.
Appendix A: Model Comparison
[45] In this section we provide a comparison of our numerical model with the analytical model of Briggs [1969] and the model of Speer and Rona [1989] . Briggs [1969] presented an expression based on scaling analysis for the plume maximum rise height, z max as a function of the background stratification and initial buoyancy flux
where the coefficient implicitly corresponds to a e = 0.125, B is the buoyancy flux at the source and N is the Brunt-Väisälä frequency given by respectively. N is constant here and based on linear regression of the observed background potential density profile. The Speer and Rona model is similar to ours except that we use nonlinear temperature, pressure and salinity dependent functions for C p and r in our model, and we use heat instead of temperature as one of the state variables.
[46] Our numerical model is compared to the scaling expression and with the numerical model by Speer and Rona [1989] in Figure A1 , where the resulting z max for different initial temperature anomalies are plotted against the source heat flux given by equation (5).
[47] Comparing first Briggs' scaling expression with the numerical ones it is clear that the scaling expression has the highest sensitivity to the source potential temperature (0) held constant at 5°C (black), 100°C (blue), and 400°C (red). Note that the blue and red curves are essentially identical in Figure A1 (top), such that the blue curves are difficult to discern beneath the red curves. We also show results from our numerical model using a different entrainment coefficient (i.e., a e = 0.09, 25% increase) as circle symbols (as opposed to diamonds) in Figure A1 (top) .
anomaly. For the same heat flux the rise height is increased by more than a factor of two when increasing the source temperature anomaly from 5 to 400°C. The Speer and Rona model is less sensitive to changes in the source temperature anomaly while the present model is more or less invariant to the choice of source temperature, Figure A1 . This implies that the rise height seems to be a function of heat flux only, when heat is fully conserved as in our model. The error in maximum rise height for the scaling expression is about 50% according to Carazzo et al. [2008] and we suggest that the lack of heat conservation might explain part of the error, although further studies are required in order to draw definite conclusions.
[48] It is evident that for an increase of the entrainment coefficient by 25% from (0.072 to 0.09) the maximum rise height is decreased by only 10%, Figure A1 (top). However, due to the small dz max /dDH gradient, a small difference in rise height results in a significant change in heat flux estimate, especially at large rise heights. A constant entrainment coefficient has been employed in many other studies [e.g., McDougall, 1990; Rudnicki and Elderfield, 1992; Speer and Rona, 1989] . Carazzo et al. [2008] , however, showed that a more sophisticated buoyancy dependent entrainment parameterization yields more accurate model results. Unfortunately, the implementation of a variable entrainment reduced our model run speed to such an extent that the large number of model runs carried out here would have been impractical. By choosing the rather low value of a e we get about equal or smaller heat flux estimates compared to the variable entrainment for all types of initial conditions.
